The equilibrium structure and lateral stress profile of fluid bilayer membrane patches are investigated using the Dissipative Particle Dynamics simulation technique. Although there are no attractive forces between the model amphiphiles, they spontaneously aggregate into planar bilayers under suitable conditions of concentration and amphiphile architecture. Pure bilayers of single-chain and double-chain amphiphiles are simulated, and the amphiphile architecture and interaction parameters varied. We find that a strong chain stiffness potential is essential to create the lamellar order typical in natural lipid membranes. Single-chain amphiphiles form bilayers whose lamellar phase is destabilized by reductions in the tail stiffness. Double-chain amphiphiles form bilayers whose rigidity is sensitive to their architecture, and that remain well-ordered for smaller values of their tail stiffness than bilayers of single-chain linear amphiphiles with the same hydrophobic tail length. The lateral stress profile across the bilayers contains a detailed structure reflecting contributions from all the interaction potentials, as well as the amphiphile architecture. We measure the surface tension of the bilayers, and extract estimates of the membrane area stretch modulus and bending rigidity that are comparable to experimental values for typical lipid bilayers. The stress profile is similar to that found in coarse-grained Molecular Dynamics simulations, but requires a fraction of the computational cost. Dissipative Particle Dynamics therefore allows the study of the equilibrium behavior of fluid amphiphilic membranes hundreds of times larger than can be achieved using Molecular Dynamics simulations, and opens the way to the investigation of complex mesoscopic cellular phenomena.
I. INTRODUCTION
Lipid bilayer membranes surround living cells, protecting their interior from the outside world. They are much more than a static structural component, however, in that their composition and dynamics influence membrane-bound proteins, and contribute to the remarkable material properties of cells such as red blood cells. 1, 2 Bilayer membranes also surround artificial vesicles, and have been constructed out of nonbiological amphiphiles, 3, 4 and diblock copolymers. 5 These membranes continually undulate owing to the thermal motion of their constituent lipids. Thermal forces combine with specific molecular forces to create complex, dynamic, multicomponent systems. Dynamic processes taking place within a membrane can involve cooperative changes over distances large compared to the molecular size, and occur on timescales much longer than molecular vibrational periods. The complexity of natural membranes has led experimentalists to focus on simpler model systems: lipid bilayer vesicles. [6] [7] [8] [9] [10] These are often composed of a single type of amphiphile, and usually lack embedded inclusions. Much progress has been made in the last decade in experiments designed to probe the vesicle membrane's material properties. The area stretch modulus of pure stearoyloleoylphosphatidylcholine ͑SOPC͒ vesicles and SOPC/cholesterol mixtures has been measured using micropipette aspiration, 11 and is found to increase on adding cholesterol as a cosurfactant. The lateral diffusion of lipids in a vesicle membrane 12 and the membrane viscosity 13 have both been recently determined. Detailed studies have been published of the dependence of the bilayer elastic bending and area stretch moduli 14 and passive permeability 15 on lipid tail length and the degree of unsaturation. Dynamic light scattering has been used to measure vesicle shape fluctuations, and the increase in the fluctuation time on the addition of small amounts of cosurfactant. 16 Domain formation in two-component lipid membranes has also been investigated. 17 Nonbiological amphiphiles have been used to provide a template for the construction of nanoscale, hollow, polymeric spheres. 18 Amphiphilic diblock copolymers have been shown to form vesicles that are an order of magnitude stronger, and less permeable to water, than natural phospholipid bilayers. lecular structure and membrane composition. Several theoretical approaches have been applied to this problem. Lattice-based Monte Carlo ͑MC͒ simulations have been used to study the development of microstructures in surfactantwater systems, 20 and the conformational chain properties of lipids within a bilayer composed of long or short chain molecules, and a mixture of both. 21 Several groups have applied mean-field techniques to lipid bilayers, [22] [23] [24] exploring the dependence of membrane stability on key lipid properties such as the area per head group 25 and hydrocarbon tail length 21 and the variation of membrane bending stiffness with amphiphile tail length and head group area. 26 Charged lipids and their interactions with ions near the solvent-membrane interface have also been investigated using a self-consistent field theory. 27 Both these approaches have certain limitations. Latticebased simulations lack the full Galilean invariance of a fluid, while mean-field theories ignore fluctuations within a system. Furthermore, atomistic Molecular Dynamics ͑MD͒ simulations are restricted to small system sizes and short times. 28 Therefore, coarse-grained MD simulations have been used to extract the area compression modulus and bending modulus of single-component lipid bilayers and monolayers, and their lateral stress distribution. [29] [30] [31] [32] The latter quantity is believed to be important in modulating membrane-bound protein behavior. 33 Recently, coarsegrained MD simulations have also been used to compare the equilibrium structure of a dimyristoylphosphatidycholine bilayer 34 to that obtained from atomistic simulations. This provides the opportunity to move up in length scale toward the mesoscopic regime. However, a major drawback of even these MD simulations is that they are restricted by current computing technology to membrane patches containing only a few hundred amphiphiles plus the requisite solvent molecules.
In this paper, we use the Dissipative Particle Dynamics ͑DPD͒ simulation method to investigate the structure and lateral stress profile of fluid bilayer membranes containing approximately 3200 amphiphiles as a function of the amphiphile architecture and interaction parameters. This represents a membrane patch at least one order of magnitude larger than previously published results, 35, 36 and allows us to study the membrane's mesoscopic properties while the ͑pre-sumably͒ irrelevant short length-scale motions of the individual amphiphiles are averaged out. Although the DPD technique was first introduced almost a decade ago, 37 and several theoretical analyses of the methodology have appeared, [38] [39] [40] [41] published applications are still few. It has been used to measure the surface tension of a planar interface between two polymeric fluids; 42 to study microphase separation of diblock copolymer melts; 43 and to follow the detachment of an oil droplet from a solid surface under shear flow. 44 Self-assembly of a small bilayer patch, containing only 100 surfactants, has also been described. 35 A very recent paper 36 investigates the appearance of pores in model lipid bilayers as a function of the concentration of a nonionic cosurfactant. A recent review article provides a comprehensive survey of computer simulations of surfactant solutions, 45 and another is devoted to the DPD method. 46 Our aim in this work is to determine whether DPD simulations can take the investigation of membrane material properties to length and time scales beyond those achievable in coarse-grained MD simulations, while still exhibiting the structure found in lateral stress profiles. We have varied the amphiphile architecture and the potential parameters so as to systematically examine their effects on the equilibrium bilayer structure, and to extend the scope of DPD simulations well beyond previous work 35, 36 in the field. Given that a micron-size vesicle can contain from one million to a billion amphiphiles, and that a few percent of its surface area is involved in processes such as pore formation or fusion events, the ability to model large systems is essential if these processes are to be studied using computer simulations. Nanoscale vesicle templating 18, 19 also requires the simulation of large membrane patches or, preferably, a complete vesicle, that are currently beyond the reach of the coarse-grained MD technique.
The paper is organized as follows. We first briefly review the Dissipative Particle Dynamics simulation technique, referring the interested reader to Ref. 42 for a detailed description. Then we present the equilibrium bilayer structure and stress profile of single-tail amphiphile bilayers as a function of the tail length and interaction parameters. Next, we extend these results to bilayers composed of double-tailed amphiphiles, and study the effects of architecture on the stress profile. Finally, we discuss the implications of this work for simulating complex processes in lipid bilayers.
II. DISSIPATIVE PARTICLE DYNAMICS SIMULATION METHOD
The elementary units in a DPD simulation are fluid elements or soft beads. A soft bead represents a volume of fluid that is large on a molecular scale, and hence contains at least several molecules or molecular groups, but still macroscopically small. Beads interact via effective forces chosen so as to reproduce the hydrodynamic behavior of the fluid without reference to its molecular structure. DPD differs in this respect from MD simulations, in which the forces are chosen to model the intermolecular interactions of a system as accurately as possible. Forces in DPD are pairwise additive, conserve momentum, have no hard core, and are short-ranged, the range of the force defining the size of the soft beads. The use of momentum-conserving forces also distinguishes DPD from Brownian Dynamics, in which each particle receives a random push independently of all other particles resulting in purely diffusive motion.
All beads have the same mass, m 0 , and radius, r 0 , and these set the mass and length scales in the simulation. A time scale must be extracted from the dynamics of relevant processes in the simulated fluid, such as the diffusion of a micelle's center of mass, or the in-plane viscosity of a bilayer membrane. Because we study equilibrium properties of bilayers, we estimate the time scale of the simulations from the generic time, t 0 ϭͱm 0 r 0 2 /k B T, set by the bead mass and radius and the system temperature, where k B is Boltzmann's constant and the temperature T is defined in the next section. We take the diameter of one DPD bead as 1 nm and assume that it has the density of water at room temperature, T ϭ300 K. The simulation time step then corresponds to 5 ps, and a typical run of 10 5 steps is equivalent to 25 ns of real time. A few longer runs of 0.25 s have also been performed with equivalent results.
A. Interaction potentials and amphiphile architecture
Beads interact via three forces: a conservative force that gives each bead an identity and allows, for example, the representation of hydrophobicity between hydrocarbon and water; a random force that creates relative momentum between bead pairs; and a dissipative force that destroys relative momentum. Beads are considered to have ͑unobserved͒ internal degrees of freedom that give rise to the dissipative force, and to be coupled to the local temperature of their ͑fluid͒ environment that is the source of the random forces. By deriving the Fokker-Planck equation equivalent to the Langevin formulation of DPD, and demanding that the steady-state solution satisfy the Gibbs canonical ensemble, Espagnol and Warren 38 have shown that the magnitudes of the dissipative and random forces must be related to the temperature parameter by a fluctuation-dissipation theorem. This relation, together with the requirement that the compressibility of a one-component DPD fluid match that of water at room temperature, fixes the relative strengths of the random and dissipative forces and the ratio of the conservative force parameter ͑for a one-component fluid͒ to the temperature. Groot and Warren 42 further show how the magnitude of the conservative force between unlike DPD beads in a fluid mixture is related to the solubility of one species in the other, and how this can be quantified by comparing the solubility of dissimilar DPD fluids with the Flory-Huggins theory of immiscible polymers. For further information on this point the interested reader is referred to the original references. 38, 42 All forces between DPD beads conserve momentum locally, and the expected hydrodynamic behavior, e.g., the drag force exerted on a fixed cylinder by a moving fluid, 37 emerges, even for systems containing only a few hundred beads. To establish this behavior using MD requires prohibitively large simulations.
The conservative force between two beads i and j separated by a distance r i j is
for r i j Ͻr 0 , and zero otherwise. The range of the force is set by r 0 and a i j is the maximum repulsion between beads of types i, j, r i j is the distance between the centers of beads i, j, and r i j the unit vector pointing from bead j to bead i. The conservative force is always finite, taking its maximum value at zero separation, and is repulsive for positive a i j . The dissipative force between two beads is linear in their relative momentum and takes the form
for r i j Ͻr 0 , and zero otherwise, where ␥ i j is the strength of the dissipation between beads i, j, and v i j ϭv i Ϫv j is their relative velocity ͑or momentum as m 0 ϭ1 in our simulations͒. Finally, the random force between a bead pair is
for r i j Ͻr 0 , and zero otherwise. Values of the random force are generated by sampling a uniform random variable, i j (t), that satisfies ͗ i j (t)͘ϭ0 and
The random force has the symmetry property i j (t)ϭ ji (t) that ensures local momentum conservation and hence the correct hydrodynamic behavior of the simulated fluid on long length scales. 32 Polymers are constructed by tying beads together using Hookean springs with the potential
where i, iϩ1 represent adjacent beads in the polymer. The spring constant, k 2 , and unstretched length, l 0 , are chosen so as to fix the average bond length to a desired value. Both parameters may be specified independently for each bead pair, allowing a polymer's bond strength to vary along its length. Hydrocarbon chain stiffness is modeled by a three-body potential acting between adjacent bead triples in a chain,
where the angle is defined by the scalar product of the two bonds connecting beads iϪ1, i, and i, iϩ1. In general, the bending constant, k 3 , and preferred angle, 0 , may be specified independently for different bead triples, allowing the chain stiffness to vary along the polymer's length. Typically, a preferred angle of zero is used so that the potential minimum occurs for parallel bonds in a chain. Various polymer architectures are used to represent bilayer-forming amphiphiles. They are composed of hydrophilic head beads, designated H, and hydrophobic tail or chain beads, designated C. The simplest architecture has a single H bead attached to a linear chain of C beads. The number of chain beads is varied to investigate the dependence of bilayer properties on the degree of amphiphile hydrophobicity. An amphiphile containing one head and n chain beads is represented, using an obvious symbolism, as HC n . Biological lipid molecules often possess two hydrocarbon tails, and have head groups of different degrees of bulkiness. A simple architecture that reflects these properties consists of a number m of hydrophilic head beads attached to two linear hydrophobic tails, each containing n chain beads. Such amphiphiles are designated H m (C n ) 2 . Both tails may be connected to a single hydrophilic bead, which is designated the head of the amphiphile, to which the remaining hydrophilic beads are also attached, or the tails may be attached to adjacent head beads. The former arrangement creates a more bulky head group than the latter and forces the hydrophobic tails closer together. The amphiphiles are contained within bulk solvent composed of W beads. Each solvent bead represents a small volume of bulk water consisting of several molecules. Because each W bead represents several molecules of solvent, there is no explicit modeling of hydrogen bonds or entropic forces. The beads in DPD simulations are to be interpreted as a coarse graining of a fluid rather than a simulation of the atoms of a fluid. In this way, only structure and behavior that occur on length scales larger than the soft beads have physical relevance. Further, because the bead-bead interactions are soft, we do not attempt to model the liquid crystal-gel phase transition of lipid hydrocarbon chains, and work well within the fluid region of the model amphiphile phase diagram.
We refer to the polymers as surfactants or amphiphiles rather than lipids both to emphasize the generality of the simulation technique and to avoid suggesting that the model amphiphiles should be viewed as atomically detailed representations of the complex structure of lipid molecules. Groot and Warren 42 have shown how the equivalent Flory-Huggins parameter for a mixture of immiscible DPD polymers may be extracted from their segregation and related to the polymer length. Because the DPD beads used here have no internal structure, and thus do not incorporate small length-scale molecular characteristics such as polarizability, we treat the glycerol-phosphate-head region of a lipid as a single hydrophilic head bead for the linear amphiphiles, HT n , and a linear sequence of head beads for H m (C n ) 2 . The lipid hydrocarbon tails are represented as linear chains of hydrophobic beads. The number of tail beads per amphiphilic chain is mapped onto the length of actual lipid molecules by comparing the bilayer width and lipid end-to-end length with their known values from experiments, and is presented in Sec. III B. For concreteness, this mapping results in one DPD chain bead corresponding to three to four methyl groups. The same interpretation applies to nonbiological amphiphiles, such as alkyl phosphate surfactants 3 that consist of a single carbon chain attached to a phosphate head group.
The Hookean bonds and chain stiffness parameters are identified by the names of the beads defining them. Hence, an HC 6 amphiphile requires two bond types, HC and CC, and allows two possible chain stiffness potentials, HCC and CCC. The Hookean spring constant, k 2 , cannot be zero in an amphiphile, but the chain stiffness, k 3 , may be zero. A nonzero chain stiffness represents the nonideal chain character of hydrocarbon tails. Table I summarizes all the bead-bead force parameters and Hookean bond strengths used. Also see Table II . The chain stiffness potential parameters are speci- Random force between beads i, j tities in their dimensionless form, e.g., the true area per amphiphile ͑measured using an algorithm described in Sec.
III A, and equal to A pr /N for a flat bilayer͒, is ͗A͘/Nr 0 2 . In a similar manner, the mass and time scales are obtained from the bead mass and radius, and the system temperature.
Once the amphiphile architecture and interaction potentials have been specified, the Newtonian equations of motion of the beads are integrated, and samples of the bilayer properties are collected for analysis after allowing initial transients to decay. The first 50 000 configurations are typically excluded from analysis to ensure that the influence of the initial state is negligible. Observables are constructed from at least 1000 independent samples of bead coordinates. Because of the soft potentials in DPD, the correlation times for bead properties are very short, typically only a few tens of time steps, and samples are taken every 50 time steps. A typical run of 10 5 steps for a bilayer containing 3200 amphiphiles takes 72 CPU hours on a Compaq Alpha ES400 processor.
Random initial configurations are created by assigning random position coordinates to all beads, subject to the constraint that adjacent beads in an amphiphile are not separated by more than a bead diameter to prevent artificially large forces occurring in the initial state. Bead momenta are then assigned from a Maxwell distribution whose temperature corresponds to that defined by the ratio of the dissipative and random force constants. A bilayer initial configuration is created by specifying the number of amphiphiles in the bilayer and placing the heads of pairs of amphiphiles on the sites of two parallel hexagonal lattices representing the outer surfaces of two apposed monolayers. The amphiphiles are oriented so that their head beads face out into the water and their tails point into the bilayer bulk. In all initial states, sufficient water beads are randomly distributed throughout empty regions of the simulation box to achieve the chosen density r 0 3 .
III. RESULTS
The simplest amphiphile architecture that is found to self-assemble into a bilayer consists of a single, hydrophilic head bead attached to a linear chain of hydrophobic chain beads designated HC n . A snapshot of a bilayer composed of HC 6 amphiphiles is shown in Fig. 1 . The simulation box size is V/r 0 3 ϭ32 3 , and the overall bead density is r 0 3 ϭ3, giving approximately 100 000 beads of all types. A bilayer readily self-assembles when the amphiphiles are initially randomly distributed in water for surfactant number fractions in the fairly restricted range of 3%-6%. Below this range micelles occur, and above it complicated three-dimensional structures are formed ͑data not shown͒. Unlike recent coarse-grained MD simulations, [29] [30] [31] [32] 34 there are no attractive forces between amphiphiles in our DPD simulations. The absence of attractive forces is not essential, but their presence is found to be unnecessary in obtaining well-ordered bilayer membranes whose properties agree at least qualitatively with coarse-grained MD simulations. The amphiphiles aggregate into a bilayer because of the strong repulsion between the chain beads and the solvent beads, mimicking the hydrophobic force of, for example, lipid hydrocarbon tails in water. The absence of attractive forces between amphiphile tails does, however, influence the structure of the bilayer's hydrophobic region, a point we discuss in more detail in the next section. Because of the large parameter space of the simulations, we investigate the effects of just a few parameter combinations. Given three bead types ͑H, C and W͒, there are six independent bead-bead conservative interaction parameters. We follow the procedure of Ref. 42 and fix the self-interactions, a HH , a CC , a WW , from the requirement that a pure fluid of each bead type has the compressibility of water. The beads are connected into semiflexible polymers using a bond potential and a chain bending potential that contribute two more parameters each. We fix the spring constant and unstretched bond length to k 2 r 0 2 /k B Tϭ128 and l 0 ϭ0.5r 0 , respectively, and the preferred bond angle to 0. This choice of values leads to well-ordered bilayers and is explained in the next section. This leaves four parameters to be investigated: a HC , a HW , a CW , and k 3 /k B T in addition to the number density of amphiphiles. We have not investigated the effects of varying the dissipation coefficients, ␥ i j , because they are irrelevant for the equilibrium structures we are interested in. 42 Instead, they are chosen to yield a well-ordered bilayer. Because of the periodicity of the simulation box, bilayers do not always assemble with the same orientation, but to simplify the discussion we refer to the bilayer normal as the Z 32r 0 ) 3 , and the bead density is r 0 3 ϭ3, giving almost 100 000 beads of all types. The projected area per amphiphile is A pr /Nr 0 2 ϭ0.616, leading to a surface tension of ϭ0.02Ϯ0.04. This is an average value obtained from repeated simulations of the same bilayer, as described in the text. The amphiphile head beads are dark gray, and the chain beads are light gray. The average membrane thickness, measured from the center of the head beads of one monolayer to those of the other, is ͗ᐉ me ͘/r 0 ϭ6.61Ϯ0.01. Water beads are invisible for clarity. ͑b͒ Snapshot of another simulation of the system in ͑a͒ except that the terminal chain bead is colored darker to demonstrate that the amphiphiles terminate near the bilayer midplane, and form two relatively non-interdigitated monolayers. Thermally excited shape fluctuations are small because of the amphiphile chain stiffness.
axis in all our results. A small bilayer containing 830 amphiphiles in an area (16r 0 ) 2 readily self-assembles from an initially random configuration in 20 000 time steps ͑data not shown͒. Because the self-assembly of bilayers has been studied previously, 28 -32,35 and we are interested in measuring equilibrium properties of large membranes, we preassemble the amphiphiles into a planar bilayer, and allow it to relax to an equilibrium state before constructing ensemble averages of observables.
A. Structural properties of bilayers of linear amphiphiles
The bilayer shown in Fig. 1 Fig. 1͑b͒ to show that the amphiphiles terminate near the bilayer midplane. Previous studies of bilayer geometric properties [29] [30] [31] [32] 35 have used the projected area, A pr /Nr 0 2 , obtained by dividing the simulation box area by one-half of the amphiphiles. This projected area differs from the true or intrinsic area when the bilayer undergoes thermally excited shape fluctuations, or the numbers of amphiphiles in the monolayers are significantly different. For the bilayer shown in Fig. 1 , the projected area is A pr /Nr 0 2 ϭ0.616, quite close to the relaxed area, as the bilayer is almost flat. To ensure greater accuracy for undulating bilayers, we measure the bilayer thickness and area from a triangulation of the two monolayer surfaces. A rectangular grid is placed over the simulation XY plane and the amphiphiles are assigned to grid cells according to the X,Y coordinates of their head beads. The upper monolayer contains those amphiphiles whose head Z coordinates are greater than their tail Z coordinates. The lower monolayer contains all other amphiphiles. This defines the number of amphiphiles in each monolayer. The average Z coordinate of the head beads in each grid cell for each monolayer is used to define the height of the monolayers at each point (X,Y ). This procedure yields a two-dimensional height field, h(X,Y ), for each monolayer. The bilayer thickness is the difference between these heights averaged over all grid points, and the surface area of each monolayer is the sum of the areas of the triangles composing them. The grid cell width is typically twice the bead radius, so that there are at least several amphiphiles per cell. This smears out the protrusions of single amphiphiles from the monolayers, ensuring that the monolayer width and area are not overly sensitive to small-scale fluctuations.
The lateral density profiles of the hydrophobic and hydrophilic beads in the HC 6 bilayer, together with the water beads, are shown in Fig. 2 . The profile in Fig. 2͑a͒ is calculated with all chain beads included in the density, whereas that in Fig. 2͑b͒ shows the distribution of the terminal chain bead only. It is clear from these profiles, and the snapshots in Fig. 1 , that the amphiphiles are disordered within each monolayer, with their head groups confined to the solventhydrophobic interfaces and their terminal tail beads close to the bilayer midplane, and that the two monolayers are not very interdigitated in keeping with the L ␣ order of fluidphase lipid bilayers. The profiles are calculated by averaging the bead densities over thin slices ͑of width r 0 /4͒ parallel to the bilayer surface. The water is excluded from the hydrophobic region of the bilayer by the strong chain-water repulsion, whereas the head beads can sometimes penetrate to the center, although this is hardly visible in this figure. Two effects contribute to this penetration: amphiphiles can burrow their way through the bilayer emerging into the apposed monolayer, a process known as ''flip-flop;'' and the thermally excited shape fluctuations of the bilayer lead to density profiles that include contributions from nonplanar bilayer configurations. The chain bead density shows a small dip at the midplane of the bilayer, indicating that the monolayers are not significantly interdigitated. Bilayers composed of linear amphiphiles HC n with nϭ4 -10 exhibit these general properties, although the shape fluctuations are larger for FIG. 2 . ͑a͒ Bead number density profiles, r 0 3 , for amphiphile head, H, and chain, C, beads in the bilayer of Fig. 1 and the bulk water, W. The simulation box is divided into 128 slices of thickness r 0 /4 parallel to the bilayer surface, and 1000 samples of the number of beads of each type in the slices are used to construct the density profiles. Water is excluded from the bilayer interior by the strong hydrophobic repulsion of the chain beads, and the head beads are localized at the water-hydrophobic interface. All chain beads are included in the tail density profile, and it shows that the density in the hydrophobic region is uniform, except for a small dip at the bilayer midplane. The lower graph, ͑b͒, shows data from an independent simulation with the same parameters, but only the final chain bead contributes to the tail density distribution. The narrow peak indicates that the amphiphiles terminate near the bilayer midplane. All error bars are similar to the one shown, and indicate the statistical accuracy of the ensemble averages extracted from a single simulation.
shorter-chain amphiphiles. Amphiphiles containing four or more chain beads are not observed to leave the bilayer and exchange with the solvent on the time scale of the simulations, which is of the order of tens of nanoseconds.
Although a bilayer forms from HC n surfactants for a wide range of ͑sufficiently large͒ tail-water repulsions, a CW , two constraints should be satisfied before the simulated bilayer has properties that match the typical structure of a lipid bilayer. The average amphiphile end-to-end length should be approximately one-half of the bilayer thickness, so that the two monolayers do not interdigitate, and the amphiphiles should be oriented along the bilayer normal. We present results for a region of the simulation parameter space satisfying these constraints by adjusting the bond stretching and stiffness potential parameters. Under these constraints, the amphiphile length can be meaningfully compared to that of lipid molecules, and the bilayer thickness scales linearly with the amphiphile tail length. The end-to-end length, l ee , of an HC n amphiphile is measured from the center-to-center distance from the H bead to that of the last C bead. Two bond types are present in these amphiphiles: HC and CC, although, for simplicity, both types have the same bond strength parameters of k 2 r 0 2 /k B Tϭ128, l 0 /r 0 ϭ0. The end-to-end length grows linearly with the number of tail beads for all HC n amphiphiles for a given chain stiffness k 3 /k B T, as shown in Fig. 3͑a͒ , and is only slightly affected by the tension on the bilayer in the regime we study. It decreases slowly as the projected area per amphiphile, A pr /Nr 0 2 , increases, with the decrease being larger for longer amphiphiles. For HC 8 8 bilayers are stiff and strongly resist stretching. Note that the membrane buckles as soon as the negative tension exceeds a threshold value, as indicated in Fig. 11 . Figure 3͑b͒ shows that the bilayer thickness, l me , divided by the amphiphile end-to-end length, l ee , decreases as the area per amphiphile increases for HC 4 to HC 10 amphiphiles. The product of membrane thickness and area is not constant, however, because the two monolayers increasingly interdigitate as the area increases. That it is monolayer interdigitation that occurs and not amphiphile shortening is shown by the small change in amphiphile lengths, of the order of 1%, over the span of areas considered. All of our results for tensionless bilayers are taken from the regime ͗l me ͘/͗l ee ͘Ϸ2.0, in which the monolayers are not significantly interdigitated. Bilayers composed of HC 6 or longer amphiphiles are quite rigid, for the parameter set shown in Table I , and show only small shape fluctuations even close to zero surface tension. We provide an estimate of their bending rigidity in the next section.
At small values of A pr /Nr 0 2 , the HC 4 membranes show substantial shape fluctuations that are increasingly suppressed for amphiphiles with longer tails. In addition, a tensionless state could not be found for HC 4 bilayers, given the parameter set of Table I , simply by varying the projected area because some amphiphiles inverted and buried their heads inside the hydrophobic region generating a positive surface tension. A well-ordered bilayer forms with a projected area of A pr /Nr 0 2 ϭ0.70, and surface tension r 0 2 /k B Tϭ0.013 Ϯ0.016, when the head-water conservative repulsion parameter is decreased from a HW r 0 /k B Tϭ35 to a HW r 0 /k B T ϭ27, keeping all other potential parameters unchanged. Increasing A pr /Nr 0 2 for all bilayers composed of HC n amphiphiles reduces their shape fluctuations and thickness and, beyond a certain point, ruptures the membranes by the appearance of a pore. The amphiphiles around the pore rim reorient so as to shield their hydrophobic tails from the sur- rounding solvent ͑data not shown͒. Although interesting as a possible model of pore formation, we do not investigate bilayer rupture further here. A simulation study of the rupture of amphiphile bilayers due to the presence of a cosurfactant has just been published. 36 We comment on the differences to our work in the Conclusions.
In the absence of chain stiffness, k 3 /k B Tϭ0, stable bilayers are formed in which the amphiphile tails represent ͑almost͒ freely jointed chains, but the hydrophobic region of the bilayer does not resemble two apposed monolayers ͑data not shown͒. Instead, the tails of amphiphiles in both monolayers are randomly intermixed. The hydrophilic head beads also show a tendency to penetrate into the hydrophobic interior, an effect that decreases if a chain stiffness is imposed. A chain stiffness of k 3 /k B Tϭ20, and a preferred angle of 0 ϭ0 causes the amphiphiles to align approximately parallel to the bilayer normal, as seen in Fig. 1 , and leads to a bilayer of two opposed monolayers. Note that because the hydrophobic chain beads ͑C͒ do not correspond to individual methyl groups, the order in the simulated amphiphile tails cannot be directly compared to the hydrocarbon chain order obtained, for example, from NMR experiments.
B. Lateral stress profile for bilayers of linear amphiphiles
Lipid bilayers around cells and vesicles are often close to a tension-free state. The distribution of stresses within the bilayer is not, however, uniform. Recent calculations 33 indicate that the presence of cosurfactants, and hydrocarbon chain stiffness due to unsaturated carbon-carbon bonds, modulate the membrane stress distribution, and that this is important, for example, for the potency of anaesthetics. 48 We have measured the stress distribution within the model bilayers as a function of amphiphile tail length and stiffness, and the number of tails attached to the hydrophilic head group. In this section we present the results for linear HC n amphiphiles, and Sec. III C presents the stress profile for double-tail amphiphiles.
The calculation of the stress tensor for a system composed of point particles interacting via continuous potentials is described in Ref. 29 , which extends the earlier work of Schofield and Henderson. 47 In this method, the contributions to the stress profile of the bead-bead interactions, bond stretching, and chain stiffness potentials are averaged over thin slices parallel to the bilayer surface. We define the stress profile, (z), as the difference of the normal and lateral components of the stress tensor summed over all potentials. For further details of the calculation, the reader is referred to previous work. 29 The stress profile for the HC 6 bilayer described in Sec. III A is shown in Fig. 4 , and exhibits a very similar structure to that seen in the MD simulations of Ref. 29 . The aspects of this structure attributed to the bond and chain stiffness potentials in Ref. 29 , namely the negative peaks assigned to the Hookean bond potential and the inner positive peaks due to the chain stiffness, appear here because the same potentials are used to build the amphiphiles out of soft beads. However, the absence of Lennard-Jones potentials in our simulations does not visibly modify the stress profile, indicating that the infinite barrier of Lennard-Jones potentials is not essential for capturing the stress profile structure in mesoscopic simulations. The integral of (z) across the bilayer yields the surface tension. We approximate this integral by a summation across the whole simulation box in the Z direction because the contribution from regions containing only solvent vanishes. We have used slices with widths r 0 /4 and r 0 /8, and the resulting surface tensions differ by less than the errors in the simulations. Even though the error bars for the stress tensor profile are quite large ͑see Fig.  4͒ , the mean surface tension is highly reproducible in independent simulations. Additionally, the shape of the stress profile is very similar in independent simulations. The large error bars in the stress profile reflect the rapidly fluctuating forces acting on each bead, but the mean surface tension is integrated over the whole bilayer, and the individual bead fluctuations are smoothed out. The errors quoted for bilayer surface tensions are obtained from several independent simulations, each of which has a different initial set of bead coordinates and momenta, and uses a different sequence of random numbers. So, for example, eight repeated simulations of the bilayer shown in Fig. 1 produced surface tensions 0.048, Ϫ0.028, 0.029, 0.099, Ϫ0.016, 0.050, 0.016, Ϫ0.021. These yield a mean value r 0 2 /k B Tϭ0.02Ϯ0.04, and this is the value quoted in the caption of Fig. 1 . The statistical errors of other measured quantities, such as the bilayer thickness, amphiphile end-to-end length and bead density profiles, are much smaller than those of the stress profile, and so we quote the errors obtained from a single simulation for these other quantities.
The surface tension of bilayers near their tensionless state can be very sensitive to changes in the area per am- Fig. 1 . The total stress is the sum of three contributions: ͑i͒ the repulsion potentials between head, tail, and water beads; ͑ii͒ the Hookean spring potentials connecting adjacent beads in the amphiphiles; and ͑iii͒ the chain stiffness potential between adjacent bonds in the amphiphiles. The outer positive peaks at the monolayer-water interfaces are due to the repulsion between the hydrophobic tail beads and the hydrophilic head and water beads. The adjacent negative troughs arise from the Hookean bond potential compressing the amphiphiles, while the inner positive peaks near the monolayer midplanes are due to the chain stiffness potential. Note that although the statistical errors in a single simulation are large, the shape of the stress profile is very similar in independent simulations and leads to a reproducible mean surface tension, as described in the text.
phiphile. Adding or removing just three amphiphiles from the tensionless HC 6 bilayer of Fig. 1 , which contains 3321 amphiphiles, changes its surface tension from r 0 2 /k B T ϭ0.02Ϯ0.04 to r 0 2 /k B TϭϪ0.15 and r 0 2 /k B Tϭ0.10, respectively. The surface tensions for an HC 8 bilayer containing 3368, 3365, 3362 amphiphiles in a fixed simulation box of size (32r 0 ) 3 are r 0 2 /k B TϭϪ0.24, 0.024, 0.21, respectively. This sensitivity reflects the large area stretch modulus for these bilayers, which increases rapidly with increasing amphiphile tail length. Although the equilibrium bilayer structure is insensitive to the exact value of the tail-water repulsion parameter in the range a CW r 0 /k B Tϭ65-85, the thickness of the bilayer changing by less than 0.2% to 6.60 Ϯ0.01 and 6.62Ϯ0.01 for the two extreme values, the peak heights in the lateral stress profile, and the surface tension, are sensitive to this parameter. Changing a CW r 0 /k B T for the bilayer of Fig. 1 to 65 and 85 changes the surface tension from approximately zero to r 0 2 /k B TϭϪ0.58, 0.55, respectively, all other parameters being constant. This has the effect of moving the tensionless bilayer state to higher and lower projected areas, respectively.
The variation of the surface tension with projected area for bilayers formed of HC 5 to HC 10 amphiphiles is shown in Fig. 5 . The surface tension increases as A pr /Nr 0 2 increases, the increase being steeper for amphiphiles with longer tails, and becomes sublinear at large values of the projected area. These results are very similar to those found in Ref. 29 using coarse-grained MD simulations ͑see their Figs. 7 and 8͒. The surface tension varies approximately linearly near zero tension, and amphiphiles with longer tails form stiffer bilayers for which a small change of area produces a large tension. We assume a dependence of the surface tension, ⌺, on the bilayer projected area, A, and amphiphile tail length, n, of the form 29 
⌺͑A,n͒ϷK
where A 0 (n) is the projected area at zero surface tension and K n is the area stretch modulus of a bilayer formed of amphiphiles with tail length n. Figure 6 shows that the area stretch modulus increases linearly with the length of the hydrophobic tail. After scaling the surface tension by the preferred area, the compressibility is K n r 0 2 /k B Tϭ(61Ϯ2)n Ϫ(265Ϯ16). Taking k B T as room temperature and assuming r 0 Ϸ1 nm yields, for bilayers with nϭ6, K 6 Ϸ418 dyn/cm. By a similar calculation, the area stretch modulus of a bilayer composed of HC 5 amphiphiles is K 5 Ϸ166 dyn/cm. These values are comparable to recent measurements of the area stretch modulus of 18-carbon diacyl phosphatidylcholine vesicles, 14 which yield KϷ243 dyn/cm. If we compare the thickness of the simulated HT 5 membrane, ͗ᐉ me ͘/r 0 ϭ5.4, with the width of a typical 18-carbon diacyl lipid bilayer, 14 4 nm, we see that the HT 5 amphiphiles are somewhat longer than 18-carbon lipids, and each DPD hydrophobic bead corresponds to three or four methyl groups.
We can extract an estimate for the bilayer bending rigidity, , using the relation ϭKᐉ me 2 /48 from Ref. 30 . Noting that the thickness of the tensionless HC 6 bilayer is ͗ᐉ me ͘/r 0 ϭ6.61Ϯ0.01, gives Ϸ90k B T. This is larger than a typical value for one-component lipid bilayers, 14 which is of the order of Ϸ24k B T for dioleoylphosphatidylcholine ͑DOPC͒, but we note that cholesterol-containing lipid bilayers such as dimyristoylphosphatidylcholine ͑DMPC͒ with 30 mol.% cholesterol sulphate 10 have Ϸ91k B T. However, repeating the calculation for the HC 5 bilayer, using Fig. 5 to find the projected area of the tensionless state and Fig. 3 to obtain the bilayer thickness, ͗ᐉ me ͘/r 0 ϭ5.4, together with the above relation for K n , results in the smaller value ϭ24k B T. The close agreement with for DOPC is fortuitous, but suggests that the HT 5 amphiphiles form bilayers whose elastic properties are comparable to those of typical lipid bilayers. The stiffness of the simulated bilayers arises mainly from the tail bending stiffness potential, which is needed to keep the amphiphiles in their separate monolayers, and its rapid increase with amphiphile tail length is consistent with the mean-field theory prediction that the bending energy of single-component amphiphilic films increases strongly with tail length. 26 Reducing the chain stiffness for HC 6 amphiphiles to k 3 /k B Tϭ10, while keeping all other parameters constant, causes the bilayer shown in Fig. 1 to increase in thickness as some amphiphiles invert so that their heads are buried in the hydrophobic region ͑data not shown͒. This creates a large positive surface tension, r 0 2 /k B Tϭ1.62, across the bilayer. The surface tension remains positive as the projected area is varied, although it reaches a minimum, and the bilayer regains some of its ordered nature, for A pr /Nr 0 2 ϭ0.7, at which point the mean bilayer thickness is ͗ᐉ me ͘/r 0 ϭ5.71Ϯ0.03.
The bilayer may be restored to a tensionless state by reducing the head-water repulsion parameter, a HW r 0 /k B T to 30, and increasing the projected area to A pr /Nr 0 2 ϭ0.71, but this reduces the chain order in the hydrophobic region, and leaves the bilayer thickness at ͗ᐉ me ͘/r 0 ϭ5.72Ϯ0.02. This result shows that the chain bending stiffness and amphiphile head-water repulsion parameters cannot be independently varied to produce a tensionless bilayer, but that they play effectively opposite roles in controlling the tendency of amphiphiles to invert and bury their heads in the hydrophobic region. Reducing the chain stiffness of amphiphiles in a tensionless bilayer requires a simultaneous reduction in their head-water repulsion, and an increase in the projected area, to restore the bilayer to a tensionless state. This behavior agrees qualitatively with experimental data 49 that increasing the lipid head group size stabilizes the L ␣ phase of lipid hydrocarbon tails with respect to the inverted hexagonal, H II , phase, whereas reducing the amphiphile chain stiffness, thereby increasing the tail entropy, destabilizes the L ␣ phase.
In addition to the hydrophobic tail length, another key amphiphile property that determines the bilayer structure is the size of the hydrophilic head group. A planar bilayer is readily formed from amphiphiles of the form H 3 C 6 in which three head and six chain beads are connected in a linear chain. The bead repulsion parameters and bond strengths are as shown in Table I , and the bending stiffness for HCC and CCC bead triples is k 3 /k B Tϭ20, while that of HHH and HHC bead triples is zero. This parameter set assigns a chain stiffness only to the bonds connecting pairs of hydrophobic beads, allowing the head beads to mimic a bulky head group rather than a linear one. The bead density profiles are very similar to that of Fig. 2 with the width of the head bead curve increasing for larger head group sizes, and the lateral stress distribution has the same structure as that shown in Fig. 4 , except that the peak heights are modulated by the size of the head group ͑data not shown͒. Figure 7 shows the variation of the surface tension with the area per amphiphile for bilayers composed of HC 6 , H 2 C 6 , and H 3 C 6 amphiphiles. The area per amphiphile in the tensionless state increases strongly with the number of head beads, i.e., the area per amphiphile, while the bilayer area stretch modulus, which is related to the slope of the surface tension curve, decreases. These results are in agreement with mean-field predictions of bilayer bending elasticity. 26 Comparing these results with Fig. 5 shows that decreasing the hydrophobic tail length or increasing the number of head beads both force the amphiphiles apart, and lead to a larger area per amphiphile in the tensionless bilayer state.
C. Results for bilayers composed of double-tail amphiphiles
Although vesicles made of single-tail surfactants are of great current interest, 3, 4 naturally occurring lipid bilayers typically consist of double-tailed lipids. A more realistic amphiphile architecture for lipid membranes is thus H m (C n ) 2 in which two tails, each containing n hydrophobic beads, are attached to a head composed of m hydrophilic beads. We have used architectures with two to four head beads, and tails containing four or six beads. Unless otherwise stated, all bead-bead, bond, and chain stiffness potential parameters are the same as for the single-tail amphiphiles.
Adding an extra tail to a single hydrophilic head bead destroys the lamella order in the simulated bilayers. The second tail almost doubles the amphiphile volume while leaving the head area unchanged, and the small head is unable to shield the hydrophobic tails from the solvent. Increasing the effective head group size by adding extra head beads restores the ordered bilayer. Therefore we consider first the architecture H 3 (C 6 ) 2 in which the head beads are attached in a linear sequence, and the tails are attached to two adjacent head beads. This architecture should be distinguished from that of previous simulations 43 of diblock copolymers in which all beads are connected in a single linear sequence, and also from a previous DPD lipid bilayer simulation 36 because of the quite distinct interaction parameters. The amphiphiles in Ref. 36 have, in our notation, an H 2 HЈ(C 5 ) 2 architecture, in which two head bead types, H and HЈ are attached to two tails of C beads that have no chain stiffness; and the H, HЈ beads are as strongly repelled from the C beads as are the solvent beads. Our parameter set in Table I only assumes a strong repulsion between solvent and tail beads, in order to represent the hydrophobic effect, and the head-tail and mϭ1,2,3 . The tensionless bilayer state occurs at an area per amphiphile that increases with the number of head beads, while the slope of the tension near its zero-crossing point decreases with head group size. This indicates that larger head groups push the amphiphiles farther apart and reduce the bilayer stiffness.
head-solvent repulsions are relatively weak. The properties of the resulting bilayers are sensitive to the head-tail and head-solvent repulsion parameters, and this indicates that a detailed study of their effects is required in order to map the varying degrees of hydrophilicity of lipid head groups onto the simulation's parameter space.
A typical configuration of a membrane containing 1685 H 3 (C 6 ) 2 amphiphiles is shown in Fig. 8 . The membrane is close to a tension-free state with a projected area of A pr /Nr 0 2 ϭ1.215 and a surface tension of r 0 2 /k B Tϭ0.03 Ϯ0.08. As for the linear amphiphiles of Sec. III B, this value is the average of several independent simulations. The tail bead farthest from the first head bead is colored darker solely for display purposes. The second tail almost doubles the amphiphile volume and tail area for fixed tail length, and increases the ͗A͘/Nr 0 2 of the tensionless state. The mean bond lengths in the H 3 (C 6 ) 2 amphiphiles are almost the same as for the HC n amphiphiles: ͗l HC ͘/r 0 ϭ0.63Ϯ0.01 and ͗l CC ͘/r 0 ϭ0.54Ϯ0.01, and these values are independent of the tension on the bilayer. The length of the bonds connecting the head beads is ͗l HH ͘/r 0 ϭ0.55Ϯ0.01, and the distance from the first head bead to the last tail bead is ͗ᐉ ee ͘/r 0 ϭ3.67Ϯ0.01. This is only slightly larger than the end-to-end length of the HC 6 amphiphiles, which is ͗ᐉ ee ͘/r 0 ϭ3.23
Ϯ0.01, and shows that the multiple head beads in the double-chain amphiphiles are closely grouped and may provide a reasonable model for the bulky head groups of some lipids. The density profiles of the head and tail beads for this bilayer are shown in Fig. 9 . The terminal tail beads are located close to the bilayer midplane, and the width of the head bead distribution is comparable to that in Fig. 2 , but its height is smaller. The area under the peaks yields the number of head beads in the simulation. This is the same as the number of amphiphiles because the HC 6 amphiphiles have one head bead per amphiphile, and only the first head bead is used to calculate the density for the H 3 (C 6 ) 2 amphiphiles. Hence, the areas under the head bead distributions, multiplied by the monolayer surface area, gives the number of amphiphiles in each bilayer and this accounts for the decrease in peak height for the double-tail amphiphiles. The lateral stress profile for the H 3 (C 6 ) 2 bilayer is shown in Fig.  10 , and is qualitatively similar to that of Fig. 4 . The positive peaks near the center of the hydrophobic region have been reduced in magnitude, as have the negative peaks. The surface tension is less sensitive to the number of head beads in H m (C 6 ) 2 amphiphiles than to their tail length, as shown in Fig. 11 . At a projected area of A pr /Nr 0 2 ϭ1.21, the surface tension of bilayers composed of H 3 (C 6 ) 2 and H 4 (C 6 ) 2 am-FIG. 8. Snapshot of a bilayer containing 1685 H 3 (C 6 ) 2 amphiphiles. The simulation box has size (32r 0 ) 3 , and the bead density is r 0 3 ϭ3, giving almost 100 000 beads of all types. The projected area per amphiphile is A pr /Nr 0 2 ϭ1.215, leading to a surface tension of ϭϪ0.05Ϯ0.05. The amphiphile head beads are dark gray, and the tail beads are light gray, except for the terminal one, which is darker. Water beads are invisible for clarity. The average membrane thickness, measured from the center of the first head bead of the amphiphiles in one monolayer to those of the other, is ͗ᐉ me ͘/r 0 ϭ7.05Ϯ0.25. The larger standard deviation of the bilayer thickness here compared to that in Fig. 1 arises from the greater freedom of the first head bead in H 3 (C 6 ) 2 amphiphiles, which is unattached to the tails, to move around. Thermally excited shape fluctuations are small here because of the chain stiffness of the amphiphiles.
FIG. 9.
Bead number density profiles, r 0 3 , for the first amphiphile head bead, H, and last tail bead, C, in the bilayer of Fig. 8 and the bulk water, W. This can be compared with the lower graph in Fig. 2 . The head bead is confined to the water-hydrophobic interfacial region while the last tail bead is restricted to the bilayer midplane, showing that the tails are relatively straight. The areas under the H and C curves yield the number of beads of those types in the simulation box. Because only the first and last beads are used to construct the profiles, the areas give the number of amphiphiles in the bilayer. The difference between the peak heights in Fig. 8 . The total stress is the sum of three contributions: ͑i͒ the repulsion potentials between head, tail, and water beads; ͑ii͒ the Hookean spring potentials connecting adjacent beads in the amphiphiles; and ͑iii͒ the chain stiffness potential between adjacent bonds in the amphiphiles. Note that although the typical statistical error bars from a single simulation are quite large, the mean surface tension is reproducible between independent simulations. phiphiles is r 0 2 /k B TϭϪ0.8 and r 0 2 /k B TϭϪ2.0, respectively. For these two cases the bilayers are still flat ͑data not shown͒, which indicates that the negative values of surface tension have not yet exceeded their threshold values for buckling. The bulkier head groups push the amphiphiles farther apart, shifting the preferred area to slightly higher values. This shift is less significant than that shown in Fig. 7 for bilayers composed of single-tail amphiphiles. Comparing Fig. 7 and Fig. 11 also shows that the slope of the surface tension curve near its zero crossing does not greatly depend on the head group size for double-tail amphiphiles, whereas it decreases significantly for the single-tail amphiphiles.
Amphiphiles with the architecture H 3 (C 4 ) 2 form wellordered, tensionless bilayers whereas linear amphiphiles with the same number of hydrophobic beads, HC 4 , and the same interaction parameter set, do not. The thickness of the tensionless H 3 (C 4 ) 2 bilayer is ͗ᐉ me ͘/r 0 ϭ4.73Ϯ0.01 compared to an amphiphile end-to-end length ͗ᐉ ee ͘/r 0 ϭ2.67Ϯ0.01.
For comparison, the thickness of the H 3 (C 6 ) 2 bilayer shown in Fig. 8 is ͗ᐉ me ͘/r 0 ϭ7.36Ϯ0.03 compared to an amphiphile end-to-end length ͗ᐉ ee ͘/r 0 ϭ3.67Ϯ0.01. The preferred area for the H 3 (C 4 ) 2 bilayer is A pr /Nr 0 2 ϭ1.26, at which the surface tension is r 0 2 /k B TϭϪ0.01Ϯ0.05. This is a larger preferred area than that of the bilayer formed from H 3 (C 6 ) 2 amphiphiles, showing that the longer tails lead to more closely packed bilayers as found for the single-tail amphiphiles. Reducing the chain stiffness of the double-tail amphiphiles leads to bilayers with larger shape fluctuations, but does not destroy the lamellar order as it does for membranes composed of single-tail amphiphiles. An observation of the bilayer state shows that very few amphiphiles invert and bury their heads in the hydrophobic region. The difficulty of pulling the bulkier head group into the hydrophobic region appears to stabilize the lamella state.
IV. DISCUSSION AND CONCLUSIONS
We have used Dissipative Particle Dynamics simulations to investigate the equilibrium structure of amphiphilic bilayers, and to measure their lateral stress profile and its dependence on the amphiphile architecture. Although we mainly compare model bilayer properties to typical lipid bilayers, 2 the results are applicable to any mesoscopic amphiphilic system such as the recently created polymersomes 5 or nonbiological vesicles. 18 The ability to extract the mesoscopic properties of aggregates composed of amphiphiles with complex architectures, such as multiple hydrophobic tails or polymers with hydrophilic side chains, and to allow the amphiphile interactions to vary with their architecture, makes simulations a valuable complementary technique to theoretical predictions for homogeneous bilayers. [21] [22] [23] [24] [25] [26] [27] A typical bilayer in our work contains 3200 amphiphiles and although the effective potentials used in DPD lack a direct link to the molecular interactions of the amphiphilic molecules being represented, this loss should not be significant for the determination of material properties that represent averages over a large number of molecules.
Linear amphiphiles with an HC n architecture immersed in bulk water readily self-assemble into a bilayer if their hydrophobic tails are sufficiently strongly repelled by the water beads. Amphiphiles with four or less tail beads do not form well-ordered bilayers, whereas ones with five or more beads per tail form progressively stiffer bilayers. The hydrophobic region of the bilayers is relatively structureless and does not resemble the two apposed monolayers of lipid bilayers unless a chain stiffness potential is imposed on the hydrophobic tails to mimic the stiffness of hydrocarbon chains. In addition, the two monolayers tend to interdigitate unless the amphiphile end-to-end length is constrained by a strong Hookean bond potential between adjacent tail beads in addition to the ͑repulsive͒ bead-bead interaction. Because a hydrophobic bead in our simulations represents several methyl groups in a hydrocarbon chain, the model amphiphile tails should not be expected to possess the same degree of order as lipid hydrocarbon tails. But we expect that the mesoscopic organization of the hydrophobic region of a bilayer, viz., two apposed monolayers of hydrocarbon chains with anisotropic fluid order and only slight overlap at the bilayer midplane, should be retained in the simulations. These restrictions on the chain potentials lead to bilayers whose equilibrium static properties ͑thickness, area per amphiphile͒ correspond qualitatively with those found in experimental lipid bilayer systems. Amphiphiles with five or more hydrophobic beads do not leave the bilayer on the time scale of the simulations that approaches a microsecond of real time. Increasing the amphiphile tail length, keeping all the interaction parameters fixed, leads to stiffer bilayers, for which a small change in the area per lipid results in a large change in the surface tension. Whereas a uniform hydrophobic region density is an assumption of some mean-field theories, 21 it arises naturally in the simulations. At the bilayer midplane a small dip in the density reflects the greater conformational freedom of the terminal tail beads near the bilayer midplane.
More complicated amphiphile architectures lead to bilayers whose structure and material properties are modulated FIG. 11 . Surface tension, r 0 2 /k B T, for bilayers composed of H m (C n ) 2 amphiphiles as a function of the projected area per amphiphile, A pr /Nr 0 2 , for head group sizes mϭ3,4 and tail lengths nϭ4,6. The tensionless bilayer state occurs at an area per amphiphile that increases with the number of head beads, and decreases with increasing tail length. This is similar to the results found for the single-tail amphiphiles, but the dependence of the preferred area on the number of head beads is weaker, and the slope of the surface tension curves is roughly independent of head group size for amphiphiles with two tails.
by the relative head-to-tail size. Increasing the tail volume by reducing the chain stiffness destabilizes the bilayer, as some amphiphiles bury their heads inside the hydrophobic region. This effect is opposed by increasing the effective head group volume by, for example, adding more hydrophilic beads to the head group or reducing the repulsion of the head beads from the solvent. These results are qualitatively similar to experimental data on lipid systems, 49 and previous microscopic models of lipid phase behavior. 24 Amphiphiles possessing two hydrophobic tails require three or more head beads to shield the tails from the surrounding solvent, and form a well-ordered bilayer. They are also able to form wellordered bilayers with shorter tails than is possible for the single-tailed amphiphiles. Additionally, reducing the chain stiffness for double-tail amphiphiles, keeping all other parameters fixed, increases the shape fluctuations of the bilayer but does not destroy the lamella state as it does for the single-tail amphiphilic bilayers. These results show that although many combinations of simulation parameters may yield bilayers, not all such bilayer structures correspond quantitatively or qualitatively to, say, experimental lipid bilayers, and not all parameters can be independently varied. Reducing the amphiphile chain stiffness, for example, requires a reduction of the head-solvent repulsion parameter or an increase in the head group size, to restore the tensionless bilayer state. It may be possible to work in regions of the simulation parameter space so as to mimic, for example, amphiphiles possessing different physical properties, such as head group size, hydrophilicity, and tail stiffness. Several such amphiphilic species could then be formed into a bilayer or vesicle, and the properties of composite membranes explored. A comparison of the resulting aggregates with experimental data can be used to identify the parameter combinations most appropriate for representing selected amphiphiles.
The lateral stress profile across the bilayers exhibits structure that is qualitatively similar to that previously seen in coarse-grained Molecular Dynamics simulations, 29 and is sensitive to the amphiphile architecture. Several peaks are observed for single-tail amphiphiles, whose heights reflect the relative contributions of the bead-bead, bond strength, and chain stiffness potentials. Increasing the number of head beads or decreasing the hydrophobic tail length of linear amphiphiles shifts the tensionless bilayer state to larger membrane areas. Amphiphiles with two tails have quite similar stress profiles. The excellent qualitative similarity between the stress profiles produced in our DPD simulations and prior MD simulations, and the faster execution of DPD, suggests that studies of the stress distribution in bilayers may be more efficiently performed using DPD than coarse-grained MD.
In the absence of an external tension or osmotic stress, the lipids in a vesicle adopt their preferred area thereby minimizing their free energy. The preferred area per amphiphile for the model bilayer is found by measuring the surface tension as a function of the projected area until the state of zero surface tension is obtained. At small enough values of the area per amphiphile, such that the surface tension is sufficiently negative, the bilayer is buckled. As the projected area per amphiphile increases, the surface tension passes through zero to positive values for stretched bilayers. Assuming the surface tension to vary linearly with projected area for tensions close to zero allows us to extract an estimate of the bilayer area compressibility modulus. We obtain the value Kϭ418 dyn/cm for amphiphiles with six tail beads. This may be compared to the experimental value 14 for lipid bilayers made of lipids with between 13 and 18 carbons of approximately 243 dyn/cm. When converted into an estimate of the bilayer bending rigidity using the relation 30 ϭKᐉ me 2 /48, the simulated bilayer composed of amphiphiles with six hydrophobic tail beads has a bending rigidity of 90k B T. This is approximately a factor of 4 larger than that for lipid bilayers containing only DOPC 14 for which ϭ24k B T. Simulated bilayers containing amphiphiles with 5 hydrophobic tail beads have a smaller bending rigidity, which we estimate to be ϭ24k B T using the above relation. Given the coarse graining of a number of methyl groups to each DPD bead ͑see Sec. III B͒, this suggests that one DPD hydrophobic bead corresponds to three or four methyl groups.
Increasing the amphiphile head group size at a fixed chain length leads to an increased repulsion between amphiphiles, and the tensionless bilayer state occurs at a larger preferred area per amphiphile. These results are in qualitative agreement with the concept of ''opposing forces'' in lipid bilayers, 50 which states that the equilibrium bilayer structure is determined by the balance of the opposing tendencies of lipid hydrocarbon tails to aggregate in water and the steric repulsion of the phosphatidyl-glycerol head groups. This gives us confidence that the mesoscopic DPD method captures at least some of the physical properties of amphiphilic molecules necessary to allow it to be extended to simulations of more complex membrane phenomena.
A recent application of DPD investigates pore formation in a lipid bilayer induced by the presence of a nonionic cosurfactant. 36 The lipid architecture used is similar to our H 3 (C 4 ) 2 amphiphiles. The lateral stress profile has some similarity to the current work and previous results, 29 but shows no central peaks. The authors suggest that the difference between their stress profile and that found in MD simulations 29 may be due to the lack of hard-core LennardJones potentials in the DPD simulations. We present data showing that this is not the case: We find a similar stress profile in our DPD simulations as Ref. 29 . Instead, we suggest that the absence of the central peaks in Ref. 36 is due to the absence of the chain stiffness potential. Our results show that ignoring the chain stiffness potential leads to entangled amphiphile conformations and interdigitation of the two monolayers. That this may be the case in Ref. 36 can be seen by comparing the spatial distribution of the terminal tail bead of the amphiphiles with our results. Figure 9 shows the density profiles of the head and terminal tail beads for the bilayer of Fig. 8 . The terminal tail bead has a sharply peaked distribution close to the bilayer midplane, as expected for approximately straight amphiphiles. This is in contrast to the results of Ref. 36 ͑seen in their Fig. 4͒ in which the terminal tail bead distribution spans the entire hydrophobic region of the bilayer, and penetrates the hydrophilic head region. The soft beads in DPD simulations require additional constraints, imposed by the chain stiffness potential, to create well-ordered bilayers, whereas the infinite core and attractive piece of the Lennard-Jones potential are sufficient to create well-ordered bilayers in coarse-grained MD simulations.
A major goal of computer simulations is to predict the material properties of mesoscopic, or possibly macroscopic, aggregates given only the elementary molecular constituents composing them. Although, perhaps, less useful for simulating interactions between hard colloidal particles in solution, DPD shows great promise when applied to soft complex fluids. We have shown that model amphiphiles consisting of a hydrophilic headgroup attached to one or two hydrophobic tails form planar bilayers whose density profile and lateral stress distribution, and the dependence of these properties on the amphiphile architecture, agree at least qualitatively with experiments, previous coarse-grained MD simulations, and microscopic theories of lipid phases. The task of capturing just those microscopic properties of amphiphiles that give rise to the material properties and dynamical behavior of lipid bilayers or polymersomes, is a challenge whose solution will have direct applications to chemistry, materials science, and medicine. Cell membrane fusion is one example for which an improved understanding would greatly assist drug development. Some simulation studies of fusion have recently appeared in the literature, 51, 52 but these studies either ignore the solvent molecules, 51 or use Monte Carlo simulations, 52 and thus generate trajectories that are not demonstrated to correspond to those of a particular set of Newtonian and hydrodynamic equations of motion. By contrast, the DPD method described here incorporates both the solvent molecules and their hydrodynamics. Using the DPD approach, we have already observed some fusion events and are confident that we will be able to simulate a realistic fusion dynamics.
